chimeric CD4 and CXCR4 proteins possessing the RV trans were used to infect BSR cells coexpressing CXCR4-RV and CD4-RV from transfected plasmids. G cytoplasmic tail was therefore considered necessary. CD4-and CXCR4-encoding cDNAs were obtained by Virions purified from cell culture supernatants by isopycnic sucrose gradient centrifugation indeed con-RT-PCR from HeLa T4 cells (Maddon et al., 1986) and were cloned in a T7 RNA polymerase promoter-contained additional proteins, corresponding in size and antibody reaction to CD4-RV and CXCR4-RV (Figure trolled expression plasmid (pT7T; Conzelmann and Schnell, 1994) . We then prepared chimeric cDNAs en-2B). Their distribution in the gradient fractions correlated with that of RV proteins, indicating true incorporation of coding proteins in which the RV G tail was fused to the CD4 transmembrane anchor (CD4-RV) or to the membrane-spanning domain 7 of CXCR4 (CXCR4-RV) ( Figure  1 ). Proteins were expressed by transfection of plasmids into baby hamster kidney cells (BHK; clone BSR) that were infected previously with the vaccinia recombinant vTF7-3 providing T7 RNA polymerase (Fuerst et al., 1986) . The chimeric proteins were identified on immunoblots with an anti-RV G serum (S 72) recognizing the G-derived cytoplasmic tail of the proteins. In extracts from cells transfected with the CXCR4-RV-encoding plasmid, a protein species of an apparent relative molecular weight of 37 to 40 kDa was identified ( Figure 2A ). In addition, heterogenous high molecular weight species were observed, which is apparently typical for chemokine receptors . CD4-RV possessed an apparent molecular weight of 55 kDa, similar to that of wild-type CD4 ( Figure 2A ). As determined by FACS analyses with the anti-CXCR4 MAb 12G5 (Endres et al., 1996) and the anti-CD4 MAb Q4120 (Healey et al., 1990) , the levels of cell surface expression were nearly identical for wild-type and chimeric proteins, both after separate expression and coexpression of all possible combinations (data not shown).
Transient coexpression of the chimeric proteins allowed BSR cells to undergo Env-mediated fusion. After mixing of cells coexpressing CD4-RV and CXCR4-RV or combinations of wild-type and chimeric proteins with cells that were transfected with a plasmid encoding HIV-1(NL4-3) Env, formation of syncytia was observed. The fusion reaction depended on coexpression of CXCR4 and CD4 constructs and the presence of Env on the target cells. No syncytia were observed after mixing of CD4-RV and CXCR4-RV-expressing cells with cells expressing fusion proteins from other viruses such as RV G or measles virus fusion protein (F). The chimeric proteins were not only able to substitute accurately for with an anti-RV G rabbit serum (S72) recognizing the common cytoplasmic tail sequence or the anti-human CD4 MAb Q4120. ⌬G virions prepared in cells providing RV G spikes in Supernatant virions were subjected to velocity centrifugation in 10% to 50% sucrose gradients, and fractions five to seven containing the majority of particles (numbering is from top to bottom of the gradient) were analyzed by SDS-PAGE. In contrast to CXCR4-RV, CD4-RV is not incorporated into the virus envelope when expressed alone. After coexpression with CXCR4-RV or CXCR4, both CD4-RV and CD4 are incorporated.
CXCR4-RV and CD4-RV Are Incorporated into
derived proteins, complementation experiments involving wild-type proteins and combinations of chimeric and tained from cells expressing combinations of proteins, however, contained both CD4-and CXCR4-derived proteins ( Figure 4B ). CXCR4-RV and CXCR4 not only supthe CXCR4-RV and CD4-RV into the virus envelope. This ported incorporation of CD4-RV but also of wild-type was directly confirmed by electron microscopy. As for CD4, emphasizing that a direct interaction of the ectodothe virus complemented with the autologous RV G mains of CD4 and CXCR4 is responsible for the coinspikes, typical bullet-shaped virions represented the corporation of CD4-derived proteins. However, although majority of particles ( Figure 3 ). Immuno-gold staining the RV G tail of CD4-RV is not sufficient to direct autonowith MAbs Q4120 or 12G5 revealed the presence of mously the protein into the virus, it enhanced the effi-CD4-RV or CXCR4-RV on the surface of apparently all ciency of coincorporation, both with CXCR4-RV and virions and their distribution over the entire virus surface CXCR4 (37% and 18%, respectively), as compared with ( Figures 3B and 3C ).
CD4 coincorporation. Taken together, the results show that CD4-derived proteins are incorporated only in form Incorporation of CD4 Requires CXCR4 of a complex with a heterologous "carrier" protein. Only as a Carrier Protein within such a complex is the G-derived CD4-RV cytoIn striking contrast to virions complemented with both plasmic tail able to contribute to incorporation. CXCR4-RV and CD4-RV, virions complemented with CD4-RV alone did not contain detectable amounts of CD4-RV, although the levels of cell surface CD4-RV were
Selective Infection of Env-Expressing Target Cells
To determine whether the rhabdovirus envelope-bound similar in cells expressing only CD4-RV or coexpressing CD4-RV and CXCR4-RV, as determined by FACS. To receptor proteins could mediate infection of target cells, pseudotype virions were used to inoculate BSR cells specify the requirements for incorporation of CD4-consistently observed in cells expressing HIV-1 Env. No fluorescence was detected in mock-transfected cells or after inoculation of Env-expressing cells with pseudotype viruses complemented with either CXCR4-RV or CD4-RV alone. To exclude a putative influence of Env expression on the permissivity of cells for RNP entry or RV gene expression, cells were also infected with virions complemented with RV G. Regardless of Env expression, identical numbers of fluorescent cells were observed. As calculated from endpoint dilution series, a titer of 4 ϫ 10 6 fluorescent cell forming units/ml was obtained after complementation with RV G. Supernatants with virions complemented with CD4-RV and CXCR4-RV gave rise to 3.8 ϫ 10 3 fluorescent Envexpressing cells/ml. Since on average only 40% to 60% of transfected cells expressed Env, this number has to be considered a minimal titer. Selective infectivity for Env-expressing cells was also confirmed for virions pseudotyped with combinations of chimeric and wildtype proteins. Virions carrying CXCR4-RV and CD4 or CXCR4 and CD4-RV yielded quite similar titers of 6.1 ϫ 10 2 and 5.0 ϫ 10 2 fluorescent cells/ml, respectively. When the two wild-type proteins were used for complementation, 1.5 ϫ 10 2 fluorescent cells/ml were determined, corresponding to a 25-fold titer decrease as compared to virions carrying CXCR4-RV and CD4-RV.
To confirm further that the specificity of membrane fusion parallels that of HIV-1 infection, we performed blocking and neutralization experiments. The monoclonal CD4-antibody Q4120, which is able to block HIV-1 entry into cells, completely neutralized the infectivity of virions complemented with CD4-RV and CXCR4-RV at a dilution of 1:50 ( Figure 5B ), whereas a MAb neutralizing RV G had no effect. A strong inhibition of infection was observed after incubation of Env-expressing target cells with a human anti-HIV-1 IgG preparation ( Figure 5B ) in contrast to human anti-RV Ig.
We extended the analyses to human target cells bearing both the HIV-1 receptor and Env, thus mimicking human HIV-1-infected target cells. HeLa T4 cells were transfected with the NL4-3 Env-encoding plasmid and were then incubated with RV(CD4-RV/CXCR4-RV) pseudotype virions. As demonstrated by the appearance of fluorescent syncytia after 1 day of infection, the cells were susceptible both for fusion with each other and, in addition, for infection with the receptor-complemented virions ( Figure 5C ). As confirmed by fluorescence double We have utilized the elaborate fusion mechanism devel-(B) Anti-CD4 MAb Q4120 neutralizes the infectivity of (CXCR4-RV oped by a virus to enter a cell in a reverse manner. An analogs could substitute for the functions of a rhabdovi-(C) HeLa T4 cells expressing Env formed syncytia and were permissive for (CXCR4-RV plus CD4-RV) pseudotype virus infection. rus spike in virus formation and in the attachment to a target cell. In contrast to the viruses known so far, the novel rhabdovirus does not possess any fusogenic proexpressing Env (NL4-3) from transfected plasmids. After tein in its envelope. Membrane fusion, resulting in infecan incubation of 36 hr, cells were analyzed for productive tion of the target cells, is rather initiated by cell surface rhabdovirus infection by direct immunofluorescence miEnv, formally rendering the lipid bilayer of the virus envelope the "target membrane" for fusion. Except for this, croscopy ( Figure 5A ). RV nucleoprotein expression was the mechanism of membrane fusion parallels that ob-"docking stations" might allow retention of a preformed complex made up of multiple tails more efficiently than served for HIV-1 infection. The Env protein of a T cell line-tropic HIV-1 was absolutely required on the cell of single tails and thus favor sorting of "correct" oligomeric spike proteins into the envelope. So far, we favor surface, and both CD4 and CXCR4 were necessary on the virus surface. Antibodies against CD4 or Env that a model in which sorting of spike proteins is achieved concomitantly to the virus budding process. Accordare known to inhibit HIV-1 infection neutralized the infectivity of the pseudotype virus or inhibited entry into ingly, the budding virus core can be imagined as onehalf of a three-dimensional zipper, where the docking target cells by blocking the cellular "receptor," respectively. The described system thus represents a versatile stations of the core accomodate and retain well-fitting counterparts represented by the cytoplasmic tail strucand, due to the use of defective viruses, a safe "reverse" model to study factors involved in HIV-1 entry.
ture of membrane proteins. In addition to the RV G tail of CXCR4-RV, three cytoThe exact mechanism of how chemokine receptors facilitate membrane fusion is not yet known. They are plasmic loops of 15 to 22 amino acids in length may protrude at the inner side of the envelope membrane able to bind Env directly (Atchison et al., 1996; Lapham et al., 1996; Rucker et al., 1996; Trkola et al., 1996 ; Wu without interfering with incorporation mediated by the cytoplasmic tail. As observed with mutants of the chimeet al., 1996) and, in conjunction with CD4, trigger the conformational changes required for exposition of the ric Env-RV protein, the exact length of the cytoplasmic tail is not that crucial for incorporation, allowing a memfusion peptide of the Env subunit gp41 (Chan et al., 1997 , Weissenhorn et al., 1997 . In view of the natural brane-proximal insertion of at least six amino acids without reducing the incorporation rate (unpublished data). function of chemokine receptors, a putative role in HIV entry of GTP protein-mediated responses, such as Ca Thus, in addition to specific docking sites, some extra space may be available between the envelope meminflux and depolarization of the membrane, could not be excluded. The present results demonstrate that sigbrane and the internal virus core structure, accomodating cytoplasmic loop residues of CXCR4-RV. As indinaling to GTP-binding proteins is not required for Envmediated membrane fusion, since CXCR4-RV lacks the cated both by infectious virus titers and direct analysis of incorporated proteins, the CXCR4-RV/CD4-RV comentire CXCR4 cytoplasmic tail, which is most probably the domain required for signaling (Franci et al., 1996) . plex is obviously favored over the CXCR4-RV/CD4 complex, most likely through the presence of homogenous Moreover, the presence of trimeric GTP-binding proteins and other factors required for energy-dependent tails fitting well into docking sites. In the case of CXCR4-RV/CD4, the CD4 cytoplasmic domain might be accosignaling in the envelope of pseudotype virions can be excluded. Corresponding results have also been obmodated either nonspecifically in the docking site or in the additional nonspecific extra space. tained for chimeric CCR5 proteins, which were unable to signal but supported HIV-1 entry efficiently (Atchison The observed weak incorporation of wild-type CXCR4, when expressed alone, might be due to some extent to et al., 1996) . In addition, since it is very unlikely that pseudotype virions contain residual membrane or cytothe availability of the nonspecific extra space, accommodating the 45 amino acids of the CXCR4 cytoplasmic plasmic cell proteins that might be involved in HIV-1 receptor function and fusion, this also strongly indicates tail in addition to the intracellular loops. So far, however, it cannot be excluded that the CXCR4 tail may have a that CXCR4 and CD4 are indeed sufficient to promote Env-mediated membrane fusion.
three-dimensional structure resembling that of RV G tail, fitting into specific docking spaces. The failure of CD4-RV in incorporation into the RV envelope, in contrast to other proteins such as CXCR4-
The present findings emphasize that major differences may exist in the assembly of closely related rhab-RV, Env-RV, or RV G, revealed that in addition to the RV G tail other factors are important for sorting of proteins doviruses. Nonspecific incorporation of various membrane proteins, including the monomeric CD4, into the into budding RV. While CD4 is present as a monomeric molecule on the cell surface , Env envelope of vesicular stomatitis virus (VSV) has been reported (Schubert et al., 1992; Schnell et al., 1996a) . or RV G form noncovalently linked trimers (Whitt et al., 1991; Gaudin et al., 1992; Chan et al., 1997; Weissenhorn CD4 and a CD4 chimera with the VSV G transmembrane and cytoplasmic tail were found incorporated with the et al., 1997). It therefore appears that only multimeric proteins containing the RV G tail are directed into the same efficiency, suggesting that neither specific signals nor formation of protein oligomers are required for incorviral envelope. The efficient incorporation of CXCR4-RV and of CD4-RV together with CXCR4-RV suggests that poration of proteins into the VSV envelope. We have shown here that rather selective incorpora-CXCR4-RV homo-oligomers and CXCR4-RV/CD4-RV hetero-oligomers are present on the cell surface. Actution of a functional HIV-1 receptor complex into the envelope of a rhabdovirus can be achieved and that ally, CD4 and CXCR4 can be coprecipitated in the absence of Env (Lapham et al., 1996) , directly demonstraspecific targeting of HIV-1 Env-expressing cells with this virus is possible. Given the high structural similarity of ting an interaction of the two proteins. The successful coincorporation of both wild-type CD4 and CD4-RV with the members of the chemokine receptor familiy (for a recent review, see Murphy, 1996) , it appears likely that CXCR4-constructs indicates that the ectodomain of CD4 is responsible for the interaction.
pseudotype rhabdoviruses carrying coreceptors for macrophage-tropic HIV-1 variants such as CCR5 or car-A mechanism allowing selective incorporation of multimers most likely involves the necessity to present rying both CXCR4 and CCR5 can be prepared in the future. Since foreign genes are retained very stably in the several RV G cytoplasmic tails in the form of a close association in order to fit to defined structures of internal absence of selection (Mebatsion et al., 1996b; Schnell et al., 1996b) , generation of high titered recombinant virus proteins. The three-dimensional space of such from 12 equal gradient fractions were resolved by SDS-PAGE, transrhabdoviruses expressing HIV receptors in cis is also ferred to nitrocellulose membranes, and incubated with a mixture possible. Further investigations will reveal whether gene of rabbit sera directed against RV proteins as described previously delivery vectors based on cytopathic rhabdovirus mu- (Mebatsion et al., 1996a) . Proteins were visualized after incubation tants have a practical utility in targeting and elimination with peroxidase-conjugated goat anti-rabbit IgG (Dianova) by using of HIV-1 infected cells in vivo and whether they may the Enhanced Chemiluminescence (ECL) Western blot detection kit (Amersham; 1 min incubation) and exposure to X-ray films (Biomax help to decrease virus load.
MR, Kodak).
For radioactive labeling of virions, 2 ϫ 10 6 cells infected with SAD Experimental Procedures ⌬G were superinfected with vTF7-3 and transfected with plasmids as described above. Six hours after transfection, cells were incuConstruction of Plasmids bated with 100 Ci [ 35 S]methionine (1,365 Ci/mmol; ICN) for 36 hr. CXCR4 and CD4 cDNA was obtained by RT-PCR of total mRNA Supernatant virions were prepurified by centrifugation through 20% from HeLa T4 cells with primers fu1ϩ (5Ј-cacgaattcaacccctacaATG sucrose at 30,000 rpm in a TLA45 rotor for 1 hr. The pellet was GAGGGGATCAGTATATAC-3Ј) and fu2rev (5Ј-gtggaattcaagcttctgtg resuspended in TEN and centrifuged in a continuous 10% to 50% TTAGCTGGAGTGAAAACTTG-3Ј) or primers CD4.1ϩ (5Ј-gacgaattcc sucrose gradient in a SW41 rotor at 27,000 rpm for 1 hr. Twelve acaATGAACCGGGGAGTCCCTT-3Ј) and CD4.2rev (5Ј-gacgaattctcg equal gradient fractions were processed for SDS-PAGE as detgccTCAAATGGGGCTACATGTCT-3Ј). cDNAs were cloned in pT7T scribed above. RV N protein was used as an internal standard for (Conzelmann and Schnell, 1994) , resulting in pT7TFu and pT7TCD4.
phosphorimager (FujiBAS1500) quantitation. The plasmid encoding CXCR4-RV (pT7TFu7cd) was made by blunt end insertion of a PstI-DraI 1 kb fragment from pT7TFu into the Immunoelectron Microscopy AsuII site of pHIVE, which contains the sequence encoding the RV Supernatant virions from 5 ϫ 10 6 transfected BSR cells were fixed G cytoplasmic tail. For generation of pT7TCD4-RV, the AsuII-EcoRI with 0.5% glutaraldehyde for 30 min at 4ЊC and purified by pelleting fragment of pHIVE was used to replace an AsuII-EcoRI fragment of through 20% sucrose on a 60% sucrose cushion. The interphase pT7TCD4.
was collected by side puncture. Carbon-coated nickel grids were deposited for 7 min on a drop of the virus suspension, washed four Protein Expression, Cell Fusion, and Virus times with PBS [pH 7.4] containing 0.5% BSA, and incubated for Complementation Assays 45 min on a solution of MAb Q4120 or 12G5 (R and D systems). Cell fusion assays and virus complementation were done as deAfter additional washings, grids were deposited for 45 min on a goat scribed previously (Mebatsion and Conzelmann, 1996) in BHK cells anti-mouse IgG antibody coupled to 10 nm gold particles (Biocell, (clone BSR) infected with vTF7-3 (Fuerst et al., 1986 ) at a multiplicity Cardiff). After washing with PBS and distilled water, samples were of infection (moi) of 5. Five micrograms of each protein-encoding negative stained with 1% uranyl acetate (unbuffered) and examined plasmid were transfected 1 hr postinfection using CaPO 4 (Strain a Zeiss 109 electron microscope. Micrographs were taken at an tagene). For cell fusion analysis, cells were trypsinized 5 hr postininstrumental magnification of 50,000ϫ on Agfa Scientia 23D56 film. fection and mixed with equal numbers of cells transfected with 5 g of plasmids encoding either HIV-1(NL4-3)-Env, RV G (strain SAD Acknowledgments B19; Conzelmann et al., 1990) , or measles virus F (Edmonston strain; kindly provided by M. Billeter and R. Cattaneo). Formation of syncyWe thank V. Schlatt, K. Kegrei␤, and K. Mildner for perfect technical tia was monitored after cocultivation for 14 hr. assistance, A. Saalmü ller for performing FACS analyses, and G. For virus complementation, BSR cells were infected at an moi of Meyers for reading the manuscript. HeLa T4 cells, human HIV-1 Ig, 1 with SAD ⌬G lacking the entire G gene (Mebatsion et al., 1996a) and and CD4 MAb Q4120 were obtained through the AIDS Research that had been phenotypically complemented with RV G as described and Reference Reagent Program, NIH. For contributions of various (Mebatsion and Conzelmann, 1996) . After overnight incubation, cells sorts we thank M. Alizon, P. Clapham, R. Ellerbrock, R. Kurth, and were superinfected with vTF7-3 and transfected with plasmids as A. Werner. This work was supported by grant BEO/0311171 from described above. Supernatants were harvested at 1 to 2 days postthe Bundesministerium fü r Bildung, Wissenschaft, Forschung und transfection and used for virus purification or inoculation of 3.2
Technologie. cm diameter dishes of confluent BSR cell monolayers (10 6 cells) expressing either Env, RV G, measles virus F, or mock-transfected Received February 12, 1997; revised July 28, 1997. cell cultures. RV N expression was analyzed after fixing cells with 80% acetone and staining with an FITC conjugate (Centocor) after 24 hr (HeLa cells) or 36 hr (BSR cells). Double staining was performed References with an anti-RV N MAb and human anti-HIV-1 IgG (Prince et al., 1991) followed by incubation with rhodamine (TRITC)-conjugated Alkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E., goat anti-mouse IgG and FITC-conjugated goat anti-human IgG Murphy, P.M., and Berger, E.A. (1996) . CC CKR5: a RANTES, MIP-(Dianova). Cell surface expression of CD4 and CXCR4 constructs 1a, MIP-1b receptor as a fusion cofactor for macrophage-tropic was determined by FACS (FACStar) with MAbs Q4120 and 12G5 HIV-1. Science 272, 1955 Science 272, -1958 . and phycoerythrin-coupled conjugates. For virus neutralization, cell Atchison, R.E., Gosling, J., Monteclaro, F.S., Franci, C., Digilio, L., culture supernatants were incubated with the anti-CD4 MAb Q4120 Charo, I.F., and Goldsmith, M.A. (1996) . Multiple extracellular ele- (Healey et al., 1990) at a dilution of 1:50 for 1 hr at 37ЊC. Target cells ments of CCR5 and HIV-1 entry: dissociation from response to were incubated in culture medium with anti-HIV-1 IgG or human chemokines. Science 274, 1924 -1926 Wu, L., Mackay, C.R., LaRosa, G., Newman, W., et al. (1996) . The postinfection.
␤-chemokine receptors CCR3 and CCR5 facilitate infection by primary HIV-1 isolates. Cell 85, 1135-1148.
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